ABSTRACT PKS 0521À365 is a relatively nearby active galactic nucleus possessing a bright compact radio source, strong extended radio and X-ray emission, broad and variable nuclear optical emission lines, and one of the best examples of an optical synchrotron jet. Modeling of the high-energy emission from this source, ratios of core to extended luminosity at radio and optical wavelengths, and the morphology of the extended radio and optical jet indicate that the emission from the nucleus of PKS 0521À365 is not likely to be strongly affected by relativistic boosting. We present multiepoch and multifrequency VLBI data for PKS 0521À365 that show that any apparent motion of components in the jet must be less than 1.2c, that the jet to counterjet surface brightness ratio on the parsec-scale is greater than 20, and that the peak brightness temperature of the source is greater than 1 Â 10 11 K at 5 GHz. While these results are consistent with the idea that PKS 0521À365 is not highly beamed, the combination of the apparent motion and jet-to-counterjet limits with Doppler-factor lower limits from synchrotron self-Compton and gamma-ray transparency models do not tightly constrain the jet speed or orientation to values which compel the conclusion that PKS 0521À365 is weakly beamed. The data are formally consistent with weak beaming as well as strong beaming. However, calculations by Pian et al. based on inhomogeneous jet models for the spectral energy distribution indicate that the Doppler factor is close to unity and place limits on the allowed ranges of jet speed and angle to the line of sight. These calculations are consistent with the VLBI data, although future higher sensitivity VLBI observations have the potential to test the results of these models more strictly. Although we find no significant support for superluminal motion in PKS 0521À365, we do find evidence for evolution internal to a component in the parsec-scale jet, similar to that seen on the subparsec-scale in Centaurus A and M87.
INTRODUCTION
This paper describes the latest in a series of studies documenting and investigating the parsec-and subparsec-scale structures of some of the closest and most interesting compact extragalactic radio sources in the southern hemisphere (Tingay & Murphy 2001a; Tingay, Preston, & Jauncey 2001; Tingay et al. 2000 Tingay et al. , 1998a Tingay et al. , 1997 Tingay et al. , 1996a Tingay et al. , 1996b . Very long baseline interferometry (VLBI) observations provide the highest angular resolution imaging currently possible, allowing very high spatial resolution studies of the closest radio sources. PKS 0521À365 is associated with an elliptical galaxy at a redshift of z = 0.05534 (Keel 1985) . At this distance 1 mas 1 pc (H 0 = 75 km s À1 Mpc À1 ). Good summaries of previous observations of PKS 0521À365 can be found in Hardcastle, Worrall, & Birkinshaw (1999) , Pian et al. (1996) , and Lin et al. (1995) . PKS 0521À365 has been well studied at all photon energies (see references in Pian et al. 1996) . It would appear that the source is bright primarily because of its proximity, rather than the effects of relativistic beaming. Several arguments contribute to this conclusion, largely outlined by Pian et al. (1996) and Hardcastle, Worrall, & Birkinshaw (1999) . The ratio of core to extended radio flux is small: 0.3 at 1.5 GHz (Antonucci & Ulvestad 1985) ; 0.27 at 4.9 GHz (Keel 1986 ); 0.88 at 8.4 GHz (Lovell et al. 2002) ; and, based on the core flux of Keel (1986) and a contemporaneous total flux measurement from the University of Michigan Radio Astronomy Observatory (Aller et al. 2002) , 0.94 at 15 GHz. There is a trend for higher core to extended ratios at higher frequencies, as expected, but the ratio does not reach unity, even at 15 GHz. The core to extended flux ratios are more consistent with typical values for radio galaxies than BL Lac objects or quasars. The same is true of the ratio of nuclear optical emission to host galaxy optical emission, which is approximately unity (Falomo, Scarpa, & Bersanelli 1994) . Synchrotron self-Compton (SSC) models used to model the X-ray emission (Ghisellini et al. 1993 ) require jet Doppler factors () greater than 1. Dondi & Ghisellini (1995) find a similar result, > 1.3, when calculating the jet Doppler factor required to allow 1 GeV gamma rays to escape photon-photon interactions. The first study of the structure and evolution of the radio source on parsec scales with VLBI revealed no evidence for apparent superluminal motion of components in the jet (Tingay et al. 1996b) . Hardcastle, Worrall, & Birkinshaw (1999) suggest that PKS 0521À365 is an aligned version of a transitional FR-I-FR-II source, because of its extended radio power being slightly above the FR-I/FR-II break.
Considering some of these facts together and applying an inhomogeneous jet model to calculate the broadband spectrum (radio to gamma rays) of PKS 0521À365, Pian et al. (1996) estimate that the jet angle to the line of sight is 30 AE 6 , and that the bulk Lorentz factor is 1.2 AE 0.1, predicting an apparent plasma speed of $0.5c and $ 1.5. It should be noted here that the gamma-ray data used by Pian et al. (1996) in their model calculations were from the second EGRET catalog (Thompson et al. 1995) , also described by Lin et al. (1995) , and implied that PKS 0521À365 was highly likely to be the identification for a greater than 100 MeV gamma-ray source. However, because of a stronger detection in cycle 4 EGRET data, the estimated position of the gamma-ray source has shifted to place PKS 0521À365 outside the 99% confidence contour. As such the third EGRET catalog (Hartman et al. 1999) lists PKS 0521À365 only as a possible identification for the gamma-ray source.
PKS 0521À365 is also interesting in that it exhibits strong broad and variable nuclear optical emission lines (Scarpa, Falomo, & Pian 1995) and possesses one of the best examples of an optical synchrotron jet (see Scarpa et al. 1999 and references therein); features in the optical jet closely match features seen in radio images of the large-scale jet (Scarpa et al. 1999; Keel 1986 ). The jet feeds an extended radio lobe structure (Hardcastle, Worrall, & Birkinshaw 1999) . The detection of extended X-ray emission from ROSAT High Resolution Imager observations led Hardcastle, Worrall, & Birkinshaw (1999) to conclude that this structure is not the result of inverse Compton emission from the radio lobes, but probably thermal emission from dense, rapidly cooling gas.
In view of the body of evidence that supports only modestly relativistic conditions in the PKS 0521À365 jet and only moderate Doppler boosting, VLBI observations of this source are particularly interesting as a probe of additional relativistic beaming indicators such as apparent superluminal motion and brightness temperature. VLBI observations of PKS 0521À365 have previously been reported at various frequencies (Tingay et al. 1996b; Tingay, Murphy, & Edwards 1998; Shen et al. 1998; Kellermann et al. 1998; Fomalont et al. 2000) . We have collated the results of these previous observations and also present new data from the Very Long Baseline Array (VLBA) of the National Radio Astronomy Observatory (NRAO), and from the VLBI Space Observatory Programme (VSOP), updating the initial results of Tingay et al. (1996b Tingay et al. ( , 1998 . We find no evidence for apparent superluminal motions in the parsec-scale jet of PKS 0521À365, consistent with a low Doppler factor interpretation but do find evidence for apparent evolution internal to the jet components themselves. We also find a radio core peak brightness temperature of 6 þ inf À5 Â 10 11 K from the VSOP observations at 5 GHz, which is interestingly high if the Doppler factor of the jet is really close to unity. Limits on the parsec-scale jet to counterjet surface brightness ratio and apparent component motions, combined with the constraints from modeling the high-energy emission are consistent and allow only a relatively small range for the orientation and speed of the jet in PKS 0521À365. Table 1 shows the observation log for PKS 0521À365. Data were collected using three different VLBI arrays at a total of three different observing frequencies.
OBSERVATIONS AND RESULTS

SHEVE Observations
Details of the observations and analysis of the data from 1992 November 23, 1993 February 15, 1993 May 14, and 1993 October 21 have been presented elsewhere (Tingay et al. 1996b ). Data for a previously unpublished southern hemisphere VLBI Experiment (SHEVE, Preston et al. 1989; Jauncey et al. 1994 ) epoch, 1994 , is presented here for the first time. These observations were obtained over 12 hr with an array of Australian antennas (Table 1) The data from this experiment were correlated, fringe-fitted, calibrated, and imaged/model-fitted in a standard manner, as described in Tingay et al. (1996b) . Table 2 contains the parameters of the final SHEVE images of PKS 0521À365 and Tables 3 and 4 contain the results of model fitting the 4.9 and 8.4 GHz SHEVE data, respectively. Figures 1 and 2 show the 4.9 and 8.4 GHz SHEVE images, respectively.
VLBA Observations
The observations and analysis of the VLBA data from 1997 February 17 have been previously described by Tingay et al. (1998) . All other VLBA observations have been conducted and processed in an identical manner; details are provided in Tingay et al. (1998) . The only slight exceptions to this are the VLBA observations at 1998 June 17 and 2000 April 23, which were both conducted at 4.964 and 8.391 GHz. In these cases the observing schedule was structured so that the array switched between the two frequencies on a 15 minute timescale. Early in the reduction process, the two frequencies were split into separate data sets and fringe-fitted and calibrated independently. Also, the observations of 2000 May 25 used a 32 MHz total bandwidth, rather than 64 MHz, although 2 bit sampling was used instead of 1 bit sampling, resulting in sensitivity comparable to the 64 MHz observations. During imaging, the longest baselines of the VLBA, those to the Mauna Kea and Saint Croix antennas were removed, since the combination of high-resolution and poor (u, v) coverage at a declination of À36=5 made imaging difficult. In addition, occasionally the calibration of the most northern antennas in the array, Hancock and Brewster, was sig- nificantly poorer than the rest of the array, probably because of the very low maximum elevation that the source reaches at these antennas and poor weather conditions. The data in these cases were removed from the data set. This means that the angular resolution obtained from the VLBA observations varies from epoch to epoch. Table 2 contains the parameters of the final VLBA images of PKS 0521À365 and Tables 3 and 4 Notes.
-Freq: observing frequency; Peak: peak flux density; rms: rms noise in image; S total : total flux density in image; Beam: major axis FWHM Â minor axis FWHM; P.A.: beam major axis position angle; Low Cont.: lowest contour in image, as percentage of peak flux density.
TABLE 3
Model-Fit Parameters for the 4.9 GHz SHEVE and VLBA Observations of PKS 0521À365
ID (7) 1992 The higher sensitivity of the VLBA observations allows us to place more stringent limits on the parsec-scale jet to counterjet surface brightness ratio (R) than previous observations. Tingay et al. (1996b) found that lower limits to R ranged between 5.0 and 9.3 at 4.8 GHz and that R was greater than 2.9 at 8.4 GHz. The new VLBA images allow us to estimate that typically R > 20, defined as the peak brightness on the jet side (corresponding to component C1) to the peak noise in the images at 8.4 GHz, and similar values at 5 GHz.
VSOP Observations
The data obtained from the VSOP space VLBI mission at 1.7 and 4.8 GHz have been processed following the description given in Tingay et al. (2002) Hirabayashi et al. (1998) . Table 2 contains the parameters of the final VSOP images of PKS 0521À365, and Table 5 contains the results of model fitting the VSOP data. Figure 3 shows the VSOP images and the corresponding (u, v) coverages. Table 1 . Images are plotted to the same angular scale but different flux density scales. Parameters of the individual images are given in Table 2 . The contours increase by factors of 2, and the highest is always 64%. Each image has been rotated by 40
clockwise.
TABLE 5
Model-Fit Parameters for VSOP Observations of PKS 0521À365 Note.-Columns same as Table 3 .
The peak brightness temperature of the core component at 4.8 GHz is calculated to be 8 þ inf À 6 Â 10 11 K, assuming a Gaussian surface brightness profile and making the small (1 + z) correction for redshift. The brightness temperature and errors on the brightness temperature were derived following Tingay et al. (2001) . The unbounded upper limit is due to the fact that the data were consistent with a Gaussian component with a minor axis length of zero, i.e., a one-dimensional Gaussian. Formally, the solid angle subtended by such a component is zero, causing the brightness temperature to go to infinity. This is a reasonably common situation for VSOP space VLBI data (Tingay et al. , 2002 .
The calculation of the brightness temperature depends on the surface brightness profile assumed for the component; it is well known that, unless very high signal to noise observations are available, it is difficult to distinguish between different possible profiles (Pearson 1999) . Gaussian model components are centrally peaked and give a brightness temperature 1.8 times higher than calculated from an equivalent uniformly bright disk. Therefore, taking the possible extremes of Gaussian and uniformly bright disk, we estimate that the brightness temperature for PKS 0521À365 lies in the range 6 þ inf À 5 Â 10 11 K. An estimate of the brightness temperature at 1.7 GHz was not attempted. Because of limitations of the data, a model could not be found that fit the data well and constrained the model parameters (and therefore the brightness temperature) meaningfully. We discuss this point further in x 2.5, below.
Other VLBI Observations
Here we briefly list other VLBI observations of PKS 0521À365.
PKS 0521À365 was observed at 5 GHz in 1996 June with the VLBA as one of a sample of 374 sources north of a declination of À44
, as part of the VSOP prelaunch survey. The image and model fit for these data are described in Table 2 . Fomalont et al. (2000) and the model fit is used below in x 2.5. Another 5 GHz observation of PKS 0521À365 was conducted by Shen et al. (1998) as part of a southern hemisphere survey of compact radio sources. Shen et al. (1998) present an image and model fit for PKS 0521À365. The date of observation was 1993 May 12-13 (only 1 day prior to one of the observations listed in Table 1 , at the same frequency). We use the model-fit result of Shen et al. (1998) below in x 2.5. Kellermann et al. (1998) have observed PKS 0521À365 at 15 GHz as part of their 2 cm VLBA survey of compact radio sources; they provide an image but no model fit for the data. The image appears to suffer considerably from deconvolution errors in the on-source region, which is not surprising given the high frequency (high maximum resolution) of the observation, the southerly declination of the source, and the sparse (u, v) coverage possible with the VLBA at these declinations, especially in the snapshot observing mode used. It should be noted that the 5 GHz points in Figure 4 from the observations of 1993 May 14, 1998 June 17, and 2000 April 23 are plotted offset in time by À0.03 yr to allow the error bars to be clearly seen.
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Source Structure and Evolution
From Tables 3 and 4 and Figure 4 it is apparent that at most epochs a component appears approximately 2 to 3 mas from the core. This component appears stationary to within the errors and has been designated C3. Also, at each epoch a component consistently appears approximately 10 mas from the core, also stationary to within the errors and has been designated C2. These components are indicated on Figure 2 .
Of particular note for C2 and C3 are the observations at 5 GHz 1 day apart (see x 2.4). These were independently observed and analyzed and give highly consistent results.
The only deviations from this behavior are for the 5 GHz VLBA data from 1998 June 17 and 2000 April 23, where a single component has been detected between the positions of C2 and C3. The lower resolution of the 5 GHz data at these epochs and the position of the component detected in model fitting indicate that this single component is adequate to represent both C2 and C3 in model fitting in these cases. Also, C3 has not been detected in the data of 1992 November 23. Further from the core lies an extended component, designated C1. C1 is likely to be a blend of components. At 1997 February 17 and 1998 June 17, C1 appears to be composed of at least two subcomponents, whereas at 2000 April Component C1 is only detected in the VLBA data, and never in the SHEVE data. All the SHEVE data were obtained using the MK II recording system bandwidth of 2 MHz, rubidium time standards at some antennas, and a maximum of five antennas. In contrast, the VLBA data were all recorded in VLBA format, mostly with 64 MHz bandwidth, using masers at each antenna, and with a minimum of five antennas. Thus, in general, the SHEVE data are less sensitive than the VLBA data and have only detected the brighter, more compact components in PKS 0521À365: the core, C2, and C3. An exception to this is the snapshot VLBA observation of Fomalont et al. (2000) in 1996 June; this observation did not detect the C1 component.
Based on a comparison of the SHEVE data and the VLBA observation of 1997 February 15, Tingay et al. (1998) tentatively suggested that the apparent motion of the jet components was 19.8c (5.1 mas yr À1 ; H 0 = 100 km s À1 Mpc À1 ), subject to further confirming observations. The more recent data clearly do not support such a high apparent speed; this suggestion can be rejected.
Rough estimates of the spectral indices of the individual jet components are best found from the data of 2000 April 23. The spectral index of the core is difficult to determine, because of the low resolution at 5 GHz causing a blend of the core and component C3; it appears that for the core, $ 0.3 (S / ). Similarly for components C2 and C3, blending makes estimates of their spectral indices very uncertain. The situation is clearer for component C1, which appears resolved from the other components at both frequencies and for which the estimated sizes are very similar at both frequencies. For C1, = À0.6, typical for jet components. Figure 3 shows the VSOP 1.7 and 5 GHz images, as well as the corresponding (u, v) coverages. At 5 GHz the core and three jet components are detected. One of these components, approximately 1.8 mas from the core, could be identified with C3. A second component, approximately 29 mas from the core can readily be identified as C1; this component is heavily resolved and lies well off the edge of the image shown in Figure 3 . The third component lies approximately 0.7 mas from the core and would not have been easily resolved in our SHEVE or VLBA images; this component is designated C4. Component C2 was not detected, probably because of its decline in flux density with time, as seen in Table 4 .
It is also noted that the 5 GHz observation of Fomalont et al. (2000) appears to have detected the C4 component in their model fit.
In the VSOP 1.7 GHz images only two components have been detected. A component that appears to be identifiable with C1 is detected in the data, although it is heavily resolved in the image in Figure 3 . The second component is compact and may be the core. However, at this resolution and sensitivity one would expect to also clearly see component C3 and perhaps C4, which is not the case. There is clearly structure at reasonable signal to noise in the visibilities, which is difficult to represent in the image and difficult to meaningfully constrain in the model fitting on the baselines between Mopra and the Fort Davis and Kitt Peak antennas. However, the majority of the data are of low signal to noise, especially the baselines to HALCA. We made attempts to introduce extra components into the model to represent this structure, but in each case the extra components were very poorly constrained. For this reason we did not attempt to use the 1.7 GHz data to estimate the brightness temperature.
DISCUSSION AND CONCLUSIONS
The largest possible apparent speed ( app c) supported by our data is 1.2c for component C2 (<0.38 mas yr À1 ), but, as pointed out in the previous section, no motion is an adequate description of the data for both C2 and C3, with the evolution of C1 complicated by variability internal to the component. The lack of significant motion of the components in the parsec-scale jet of PKS 0521À365 supports previous conclusions that the emission from this source is not highly beamed (Pian et al. 1996; Hardcastle, Worrall, & Birkinshaw 1999) . If this is the case and the jet Doppler factor is close to unity, then, as Pian et al. (1996) point out, we are observing the intrinsic emission from the jet. Especially interesting in this regard is the observed brightness temperature, 6 AE inf 5 Â10 11 K, estimated from the VSOP observations at 5 GHz. The observed brightness temperature is the product of the Doppler factor and the intrinsic brightness temperature, with the intrinsic brightness temperature likely limited by the inverse Compton process. Exactly what the maximum intrinsic brightness temperature can be, on theoretical grounds, is open to debate. Kellermann & PaulinyToth (1969) derive approximately 10 12 K but more recently Readhead (1994) claims that values closer to 10 11 K are more plausible. Sincell & Krolik (1994) derive an upper limit of 2 Â 10 11 K due to the effects of induced Compton scattering. Theoretically it is possible to exceed 10 12 K in nonequilibrium conditions (Slysh 1992) . It could also be possible to produce high brightness temperatures due to other processes, including coherent emission (Benford & Lesch 1998) or conical shocks (Spada, Salvati, & Pacini 1999) .
The observed brightness temperature for PKS 0521À365 (which is the intrinsic brightness temperature if = 1) is consistent with each of the theoretical maxima given above, although very close to the maxima of Readhead (1994) and Sincell & Krolik (1994) . The Doppler factor estimates of Ghisellini et al. (1993) ( > 1) and Dondi & Ghisellini (1995) ( > 1.3) are lower limits, meaning that the intrinsic brightness temperature is somewhat below the measured brightness temperature, becoming more comfortable for theoretical limits near 10 11 K. Pian et al. (1996) claim a Lorentz factor of = 1.2 AE 0.1 and a jet angle to the line of sight of h = 30 AE 6 , giving a Doppler factor in the range 1.4 < < 1.9. In turn, from the measured brightness temperature, this places a lower limit on the allowed intrinsic brightness temperature of approximately 5 Â 10 10 K, which could be accommodated in all the theoretical models listed above.
The limits we have derived from our VLBI data, R > 20 and app < 1.2, and the limits on the Doppler factor from Ghisellini et al. (1993) and Dondi & Ghisellini (1995) are not able to tightly constrain the jet orientation or speed.
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Assuming that the Doppler factor estimates refer to the same physical region of the jet that we have probed with VLBI observations, that the speed of the jet flow is the same as the apparent speed of components seen with VLBI, that the jet-to-counterjet brightness ratio is due to the true jet flow speed, and that time variability of the jet speed and orientation is negligible, we can use all the available limits in concert. These assumptions are likely to be correct with varying degrees of confidence. If, as generally interpreted, the components seen in VLBI images represent shocks in the jet flow, the observed motion of the component over time gives the speed of the shock front, which may be much slower than the speed of the fluid in the jet (Bicknell 1994) . This effect would mean that estimates of the intrinsic jet speed based on the apparent motion of components would be underestimates. However, even if this is the case, R should refer to the fluid speed, albeit probably after the fluid has been slowed down in the postshock region where the synchrotron radiation has been enhanced because of increased particle energy and magnetic field, dependent upon the strength and form of the shock, among other things. In turn, this interpretation of R assumes that the fluid speeds are identical on both sides of the nucleus and that any absorption of the radio emission from the jets (e.g., free-free absorption) does not affect one jet more than the other.
The Doppler factor calculations of Ghisellini et al. (1993) have been made on the assumption that the X-ray emission is co-spatial with the VLBI radio emission, and Ghisellini et al. (1993) discuss other assumptions that go into these calculations. The Doppler factor calculation of Dondi & Ghisellini (1995) is based on the gamma-ray emission, generally presumed to originate closer to the black hole than the radio emission and perhaps in a faster part of the jet.
The Doppler factor constraints (Ghisellini et al. 1993; Dondi & Ghisellini 1995) and the constraints on R and app from the current work are illustrated in Figure 5 , which shows the region of the -h plane that satisfies all three observational constraints (shaded in gray), subject to the assumptions and cautions given above. To calculate the jetto-counterjet surface brightness ratio, it has been assumed that the emission is not due to a smooth continuous jet but to discrete components, leading us to use p = 3 À (following the nomenclature of Urry & Padovani 1995) as the exponent in the expression for R. Our measured spectral index for component C1 has also been used in this calculation. From Figure 5 it is clear that these constraints still allow a highly beamed source at the nucleus of PKS 0521À365.
However, if the limits on and h from Pian et al. (1996) are also considered (Fig. 5, boxed area) , the allowed region of the -h plane is restricted considerably, and the constraint provided by our jet to counterjet brightness ratio significantly comes into play (shaded in black). The fact that our limit on R rules out a portion of the plane allowed by Pian et al. (1996) raises the possibility that future higher sensitivity VLBI observations could test the result of Pian et al. (1996) . Plotted on Figure 5 are the loci in the -h plane described by various values of R. If R > 40, approximately half of the area allowed by Pian et al. (1996) can be ruled out and R > 100 would rule out virtually the entire area. Values of R = 40, 60, 80, and 100 correspond to increases in sensitivity over the VLBA images presented here of 2, 3, 4, and 5, respectively. Future observations that use a combination of southern hemisphere and northern hemisphere large antennas and the improved bandwidth capabilities of the Southern Hemisphere antennas should be able to improve sensitivity by a factor of 2 and possibly 3, providing a significant test of the results of Pian et al. (1996) .
The other interesting result of our VLBI work is the apparent structural variability of the component C1 (Figs. 2 and  4) . As in other compact radio jets such as Centaurus A (Tingay et al. 1998a ) and M87 (Biretta 1996) , PKS 0521À365 shows variability in the substructure of a major component. This variability may be due to the evolution of shocks in the jet and changes in the jet as it passes through particular regions, perhaps responding to pressure changes in the external medium, for example. As such, this internal variability may be a diagnostic of the true jet flow speed, but its interpretation is highly model dependent. Fig. 5. -Region of the -h plane that satisfies the constraints > 1, app < 1.2, R > 20, as described in the text, is shaded in gray. The constraints that govern the properties of the boundaries to this region are indicated. The region of the plane that satisfies the constraints of Pian et al. (1996) is shown as the boxed region. The overlap between these two regions is shaded in black and indicates the allowed parameter space given all constraints. Also indicated are the loci corresponding to various values of the parameter R, for comparison to the current constraints.
